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kL.N E- OF- SIGHT ERROR - - GENERAL VECTOR 


EXPRESSION 


0 FR = ray of emission = R R -R f 

FIR = REFLECTED ray = LOS VECTOR = R L0S 

° BT = FR + 2 RR* SINCE 

FR +RF“ = FT ; FR H-RR* = £R» ; FF* - 2FR* 

0 RR' = CRF . R a )R A = - C FR . Ra>Ra 


IN UN-NORMALIZED FORM: 


K LOS RF J - Rr Rp ~2£(R R -R f ) . R A J R A 


O 


TRANSFORMING TO INERTIAL FRAME 
FORMING CROSS-PRODUCT WITH TARGET DIRECTION, 


I I ®T * T 1*L0S| 


1 1®^! I -| |Ti»los| |,| sin 
I |«L0S| |.|«in e LO s I 


TAKING PRINCIPAL UALUE 


«LOS = * si " ‘ [ ||ftr « TtKLosH ^ ||R LOS || J 
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L 1 HE - OF- S I GHT rftttnu . « 

* n± L K H u R GENERAL MATRIX EXPRESS I 
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MORE ON LOS ERROR EXPRESSION 
INCLUSION O F MOST BENDING ftND TORSION 
Rr -Rp = R T - Tj T 4 R b -R p 
WHERE 
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“ \/l30* 1 BENDx 2 -BENDy 2 


Rb 


18 . 75 
-32 . 5 

0 


Rp 


BENDx = u (4) -u ( 1 ) 

^ X 


3 . 75 
0 
0 

BENDy =Uy(4) -u y (l) 


LOS x = - C T ^ R, \ - _ t' 

x i "Los J y - T 


lry R LOS 


2T 


4yz T 4xz’ I+ 2 T 4 yz' ~ 2T 


T 

4yz 4zz 


+ T 4r*y «B 


:J T 1 |[ R T R fJ 


LOS y = CT t R los ) x = T 


R 


lrx LOS 


I - 1 2T 4 xz' 2 T 4xz T 4yz' 2 T 4xz T 4zz] T 1 [ R ' 


R F ] 


+ ^4px T b 


27 / 


DYNAMICS: 


force 


fl 


d 2 


dx 


at 2 - - at 

(TORQUE) ACTUATORS 
f = Bp u 


+ K x = f 

AND VELOCITY SENSORS: 


MOW1AL modal representation x = 5 „ . 

— 2 *1 dR 

dtz A dt + «* >1 = §T Bp U 

WHERE 

ft 2 = DI AGJjwj 2 J = 5T k g 

A = d 5 


CONTROL LOW FOR CONSTANT- GO IN 

VELOCITY- OUTPUT FEEDBACK: 


FULL-ORDER CLOSED-LOOP SYSTEM EQUATION: 

a 2 1~| 

+ CA + « T Bf G Cy 5 ) + ft* 

V .. dt “ M 

A* 


0 
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MODAL -DASHPOT APPROACH 
DESIGN TO ACHIEUE I HD K PENDENT 

DAMPING augmentation for each mode in a 
reduced-order model 

LCT «i BE damping ratio desired of modeled MODE i 

SET 5 M T Bp G Cy = DIAGf~2CiWi"| 

v — nf 

THEN SOLUE FOR FEEDBACK GAIN MATRIX G, 

G = <5 M T B F ) f DIAGpCj^i] (Cy S|i>* 

USING THE PSEUDO- INVERSES ( )t DEFINED AS FOLLOWS 

<5, 1 T B F )f = <5 n T Bp)T [(5 M t Bp) (5 M t b F )T]-» 

* 

(c v S M>* = SS M )T (Cv Sr1 )J-« (Cv afl)T 

« NEUER DESTABILIZE LARGE FLEXIBLE SPACE STRUCTURES 
WHEN THE ACTUATORS ARE CO- LOCATED WITH THE SENSORS 

e WITHIN THE REDUCED-ORDER DESIGN MODEL, ANY rtlOUNT 
OF DAMPING DESIRED CAN BE ADDED TO ANV MODE EXACTLY 
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NUMERICAL ANALVSI S OF UIBRATION MODES 
t. LOS ERROR DUE TO UNIT INITIAL MODAL DISPLACEMENT 
MODE 1234567 89 10 

PEAK .37 .53 .54 .93 1.3 .14 .51 .002 .18 .03 
= = = = > 5, 4, 3, 2, 7, 1 , 9, 6, 10, 8 


2. MODAL DISPLACEMENT DUE TO RAPID POINTING SLEW 
MODE 123 4 5 

PEAK 21.6 603 41.2 13.7 0.49 

^ 3 * 1, 4, 5, 6, 7, ... 


WHICH MODES REALLY REQUIRE ACTIUE CONTROL? 

NEED AN ALTERNATIUE AND MORE INDICATIUE MEASURE 


3. LOS ERROR SOLELY DUE TO EACH MODE 
BY THE SLEW 

MODE 12 3 4 

PEAK 3.26 88. 6(?) 9.57 6.53 

====> 2 » 3 , 1, 4 (OR 4, 1), 5, 7, 


EXCITED 

5 

0 . 33 
6 , ... 


A 


SOUND MEASURE OF THE SI 

INPUT (SLEW EXCITATION) 
DULY COMBINED 


GNIFICANCE OF EACH MODE: 
AND OUTPUT (LOS ERROR) 
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Actuator/Sensor Influence on first 10 Modes 
Mode Act. 1-3 Mode Act. A - 6 Mode Act. 7-8 Mode Act, 9-12 


2 0.30019961E-02 5 0.36487188E-01 

4 0,412203080-03 4 0.25172627E-01 

1 0.401463210-03 3 0.15999462E-01 

3 0.191843690-03 2 0.1559580CE-01 

5 0,111864740-03 7 0.14711439E-01 

6 0.698817890-04 1 0.13037169E-01 

7 0.368294570-04 9 0.57048416E-02 

8 0.262615320-04 6 0.34139471E-02 

9 0.150721070-04 8 0.12352261E-02 

10 0.134977470-04 10 0.63637015E-03 

Mode Sen. 1 - 3 Mode Sen. 4-6 


2 0.143112180+01 2 0.107114020+00 
1 0.140613840+01 1 0.103388680+00 

3 0.81986851E+00 3 0. 10171293E+00 

4 0.39743480E+00 4 0.69439910E-01 

7 0.303959760+00 9 0.68373762E-01 

9 0.25503686E+00 8 0.67025743E-01 
6 0.218527420+00 5 0.63191518E-01 

8 0.146238790+00 10 0.461036000-01 
10 0.108015390+00 6 0.399357790-01 

5 0.743995900-01 7 0.322639120-01 

Mode Sen. 7-8 Mode Sen. 9-12 


2 0.286900670-03 5 0.34890966E-02 2 0.134668560+00 2 0.107114020+00 

4 0.393901280-04 3 0.32387748E-02 1 0.127369450+00 1 0. 10338868E+00 

1 0.391135980-04 4 0.24055073E-02 3 0.124078520+00 3 0.101712930+00 

3 0.189407890-04 2 0.15346858E-02 4 0.381589010-01 4 0.694399100-01 

5 0.106898480-04 7 0.14879148E-Q2 7 0.367935930-01 9 0.683737620-01 

6 0.667790440-05 1 0.15531352E-U2 9 0.308794600-01 8 0.670257430-01 

7 0.351946910-05 9 0.67911280E-03 6 0.208320750-01 5 0.631915180-01 

8 0.250955216-05 6 0.326240990-03 8 0.140055360-01 10 0.461036000-01 

9 0.1/44029380-05 8 0. 118040010-03 10 0,102999060-01 6 0.399357790-01 

10 0.128984480-05 10 0.60812166E-04 5 0.907372120-02 7 0.322639120-01 
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MODAL - DASH POT ItP. 1 


PART 1: LINEAR UELOCITY FEEDBACK GAIN G LUR 

2 FORCE ACTUATOR ON REFLECTORS 
--> U 7 (X AXIS); U 8 CY AXIS) 

2 LINEAR UELOCITY SENSORS AT REFLECTOR END 
"-> V 15 (X AXIS); Y 16 (Y AXIS) 

2 '’MODELED MODES'’ FOR DAMPING AUGMENTATION 
5 1 = 2 X 60 x u»ji = 2.0964 
> TIME CONSTANT^ 0.95 SEC 
MODE 2 : Sj = 2X 67x u»2 = 2.6389 

--> TIME CONSTANT^ 0.76 SEC 


PART 2: ANGULAR UELOCITY FEEDBACK GAIN G* UR 

3 TORQUE ACTUATORS ON REFLECTOR 
--> U 4 CX AXIS); U 5 (Y AXIS); U 6 CZ AXIS) 

3 ANGULAR UELOCITY SENSORS AT REFLECTOR END 

> Yl0 CX AXIS); Yu CY AXIS); Y CZ AXIS) 
3 "MODELED MODES" FOR DAMPING AUGMENTATION 
MODE 3 : 5^=2X3xw 3 = 0.3065 

--> TIME CONSTANT= 6.53 SEC 
MODE 4 : S J = 2X 3x = 0.4470 

MOnp c:. T IME CONSTANT = 4.47 SEC 

MODE 5 . 5 S _ 2X 3x u> 5 = 0.7742 

TIME CONSTANT= 2.58 SEC 
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_ dx 

y = CD Jt 


DYNAMICS : " £? + D |f + „ x = f 

FORCE CTOROUE) actuators and displacement sensors: 

f - Bp u 

CONTROL LAW FOR D I SPLACEMENT- OUTPUT FEEDBACK ; 

u = ~ G D y 

FULL-ORDER CLOSED-LOOP SYSTEM EQUATION: 

d2 n . _ 

dt * A dt + (ft2+ 5 Bp G C D 5) n = 0 

tlOP^ki SPRING ftPPR^ru 

design to augment stiffness to EACH MODE 

OF A REDUCED-ORDER MODEL 
LET “iNEW BE DESIRED FREQUENCY FOR MODELED MODE i 

*et s r Bp g c v 5f1 = diag[„2 new -„2j 

= DIAGjV.l 

then SOLUE FOR FEEDRACK GAIN MATRIX G. 

G = <5 m b f> + DI AGjV.J (C D S M )t 
USING THE PSEUDO- I NUERSES < >t DEFINED AS FOLLOWS 


<5^ Bp 

= <5^ Bp,T j- (5 T Bf) (5 t Bp jT1_, 

<C D s M> f 

= [< C D *M> T <c d <c d b „> 


r -c4 
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PRE-DESIGN ANALVSK.S 


— MODAL SPRINGS 

PLACEMENT OF 2- AXIS PROOF-MASS ACTUATORS 

1 AT REFLECTOR END 

-- PEAK OF MODES 1, 2, 3 

1 AT 92FT FROM SHUTTLE C 70 . 77x LENGTH) 

-- PEAK OF MODE 4 

FFT ANALYSIS OF RPR SLEW DISTURRANCE 

==> SHF IT MODES 2 & 3 UP AND AWAY tf? 

AUOID CONTROL SPILLOUER TO MODE 1 f 
IGNORE MODE 4 
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modal-spring hs.i 

LINEAR DISPLACEMENT FEEDBACK GAIN G LDM 

2 2- AXIS PROOF-MASS ACTUATORS ON MAST: 

1 AT REFLECTOR END 

--> Ug (X AXIS); U 10 (Y AXIS) 

1 AT 92 FT FROM SHUTTLE C70.77* LENGTH) 
~“ >u ll <X AXIS); U 12 CY AXIS) 

4 LINEAR DISPLACEMENT SENSORS ON MAST: 
CO-LOCATED WITH PROOF-MASS ACTUATORS 
~ _> v 13, VjL7 <X AXIS); 
v 14i V 18 (Y AXIS) 

3 ,ri0DE LED MODES* ' FOR STIFFNESS AUGMENTATION 
MODE 1 : (r J = 0 

MODE 2 : erg = C2n X 0.7)2 -(Zn x 0.3136)2 

= 15.4627 

— ° PE 3 : 5 3 = (2n x 0-85)2 - ( Zn X 0.812)2 

= 2 . 4290 
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MODAL-DASHPOT HP. 2 


LINEAR VELOCITY FEEDBACK GAIN G lum 

2 2- AXIS PROOF-MASS ACTUATORS ON MAST: 

1 AT REFLECTOR END 

--> Ug (X AXIS); Uj^ (Y AXIS) 

1 AT 92 FT FROM SHUTTLE C 70 . 77x LENGTH) 
~ _> U H (x AX IS); U 12 <Y AXIS) 

4 LINEAR VELOCITY SENSORS ON MAST: 

CO-LOCATED UITH PROOF-MASS ACTUATORS 
""> Y 15, V 19 CX AXIS); 
y 16* y 20 <Y AXIS) 

3 MODELED MODES’' FOR DAMPING AUGMENTATION 
— 9 PE — = 2X2.7xuii = 0-0943 

MODE 2 : = 2X 2 . 7x w 2 (NEW) = 0.2375 

— PE 3 : 5 3 = 2 x 2.7 *103 = 0.2758 


MODAL-DASHPOT HP. 3 

PART 1: LINEAR VELOCITY FEEDBACK GAIN G LUM 

PART 2: ANGULAR VELOCITY FEEDBACK GAIN G AUR 
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CONCLUSIONS 


GENERAL: 


® MODAL- DASHPOT AND NODAL-SPRING CONTROLLERS 

PROUIDE QUICK AND EFFECTIUE UIBRATION CONTnm 

•' EUE " excited by most uiolInt; baSg-SaSg 

* Hl S2ZnSI N c£ ROBLEMS CAN BE OUOIDED by 

PROPER ?pu5? T I2 N ° F ,>M0I >ELED MODES'* AND 
PROPER LEUEL OF AUGMENTATION 

R MODAL DASHPOTS AND MODAL SPRINGS MOST EFFECTIUE 

__ M pSn INITIAL PERIOD OF LARGE UIBRATIONS 

PRECIS! oN^pm PERFORMANCE CONTROLLERS FOR 

PRECISION POI NT I NG^STABI LIZATI ON LATER 


9 LOS ERROR DUE SOLELY 
DISTURBANCE PROUIDES A 
OF I ND I U I DUAL MODES 
-- CORRECT SELECTION 


TO EACH MODE EXCITED BY THE 
SOUND MEASURE OF IMPORTANCE 

OF MODES TO CONTROL 
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SPECIFIC ON THE HU1ERICAL SIMULATIONS: 


MAST BENDING 


FORCES AND MOMENTS 


* <iRE " T, ' v 

ANn 2^2 UIRE LA *S E CONTROL 

-- 2m-? 221 BE UERY precise 

BUT ARE FAST AND EFFECTIVE 

EXCESS IUE LOS 1 JrrTER R AND MA9 T T r TI ° N PRESENTED 
CF0100 US F0000T ST BENDIMG 

’ us lj;Fr~I SsrsMK'sss ass. 

' 8, ""“ 

effectively and 

(F0110, F2110 


& 


BENDING 
OU1 CKLY 

F3110 US F0000 ) 


SUPPRESSED 


« MORE 


tF3110 US F2110) 

SUPPRESs'f^ 0 ^ C0MTR01 - FORCES 
SUPPRESS LESS LOS JITTER, LESS 


AND MOMENTS, 
MAST BENDING 
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ISSUES NEEDED TO BE ADDRESSED: 

* COUPLING OF RIGID-BODY DYNAMICS 

® INTEGRATED DESIGN WITH LQG/LTR POP ur^u 

-- MODAL DASHPOTS AND SPRINf^ i PRECISION 

72r5^S NCE ST «BVMTY P ^2 G R 0 2gsTf!2Is L °° P 

AS OUTER LOOP TO ENHANCE PRECISION 

8 TO TN\5s M pofN?iJ? E Jn Q ^ I,,I:,> ^CURACY 
ui> POINTING AND STABILIZATION 

» EULUATION ON THE LABORATORY APPARATUS 
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